In space qualified DC-DC converters, optimization of the following electrical characteristics is of greater interest in comparison with other specifications; power loss/efficiency, output voltage ripple and volume/weight. The main goal of this paper is to present an appropriate solution for optimizing the above mentioned characteristics. For this purpose, a comprehensive power loss model of a DC-DC converter is fully developed. Proper models are also demonstrated for assessment of the output voltage ripple and the utilized transformer volume as the bulkiest component in a DC-DC converter. In order to provide a test bed for evaluation of the proposed models, a 50W push-pull DC-DC converter is designed and implemented. Finally, a novel cost function with three assigned weight functions is proposed in order to have a trade-off among the power loss, the output voltage ripple and the utilized transformer volume of the converter. The cost function is optimized for applications in which volume has the highest priority in comparison with power loss and ripple. The optimization results show that the transformer volume can be decreased by up to 51% and this result is verified by experimental results. The developed models and algorithms in this paper can be used for other DC-DC converter topologies with some minor modifications.
I. INTRODUCTION
The design of power converter units for satellites is greatly influenced by the existing limitations in space applications. These limitations include limited available electric power (usually generated by a photovoltaic system,) as well as limited volume and weight allocated for the power management subsystem. Any increase in the required electric power or in the weight or size of a satellite would considerably increase the satellite's launch expenses. Thus, the designer of a DC-DC converter for space systems usually faces two important requirements: high efficiency, and small weight and size.
The switching frequency of a converter is a parameter that does not allow the above requirements to be satisfied simultaneously. Instead it makes trade-offs between them. A higher switching frequency allows smaller and lighter components to be used, but in return it adds to the internal losses of the converter and hence reduces efficiency. On the other hand, the output voltage ripple of a DC-DC converter is directly influenced by the switching frequency, and so it is a third parameter that must be considered when designing the converter. Therefore, there should be an optimum switching frequency, which above all other requirements, must be satisfied effectively. Finding this optimum frequency for any Manuscript given condition of the converter (load current, input voltage, etc.) is the main goal of this paper. In order to find this optimum frequency, first the effects of the switching frequency on the efficiency, size and weight, and output ripple of the converter must be quantified. Therefore, the different causes of loss in a DC-DC converter need to be scrutinized and mathematical expressions for each type need to be derived. Moreover, equations that relate the output ripple as well as the size and weight of a converter to its switching frequency need to be found. In the following, several relevant published papers are reviewed. A comparative study, which considers a trade-off between the reactive components and the volume of the heat sink for two 6kW converters, one using ZVS/ZCS and the other using a more conventional circuit with hard switching, has been done in [1] . The results of this study indicate that the minimum volume may actually occur below 20kHz. It also appears that the ZVS/ZCS has a considerable size advantage over the more conventional IGBT circuits. Koalr and others investigated the dependence of the volume of the cooling system and the main passive components for basic forms of power electronics energy conversion on the switching frequency and determined that the switching frequencies minimize the total volume [2] . A trade-off between the switching frequency of an ADSL power supply versus the ripple, size, and efficiency, while maintaining a constant modem throughput has been presented in [3] . Within the optimum frequency range, losses are minimized and the power supply efficiency is near its maximum level. However, the volume is increased due to the additional filtering required to maintain an acceptable modem throughput. A portable fuel-to-electrical energy converter that can be carried on the body, is able to supply an average of 20W for 4 days and has a total weight of less than 4kg has been proposed in [4] . Due to the limited total weight of the system, each part of the system must have the highest possible efficiency to weight ratio. The optimization of a synchronous buck DC-DC converter that is used to regulate a variable power source to a constant output voltage for a load has also been proposed. An auto-tuning adaptive digital controller with maximum efficiency point tracking to optimize a DC-DC converter's switching frequency has been presented in [5] . The adaptive-frequency-optimization (AFO) controller adjusts the DC-DC converter's switching frequency while tracking the converter's minimum input power (maximum efficiency) point under variable operation conditions of the power converter. A design methodology to define the input current ripple and the switching frequency required to minimize the volume of filters and heat sinks using different methods to reduce the switching losses has been described in [6] . An increase of the switching frequency reduced the boost inductor volume, but required a bulky EMI filter to operate according to the required standards. Higher frequencies also intensified the switching losses in the semiconductor devices, which results in an increase in the heat sink's volume. In the same way, a higher current ripple demanded a lower boost inductor volume, but it also required a bulky EMI filter and intensified the conduction losses. A design procedure for the optimization of ferrite high frequency power transformers has been presented in [7] . The product of the power loss, the cross section of the core and the winding area has been chosen as an optimization index, along with the average surface temperature increase as a constraint.
There are many papers in the literature investigating the power loss analysis of DC-DC converters and their main components separately. Efficiency estimation of different DC-DC converter topologies has been discussed briefly in [8] . A mathematical tool for the calculation of MOSFET power losses using data-sheet parameters has been developed in [9] . The turn-off process of synchronous rectifier MOSFETs has been analyzed and a simple model has been introduced for the calculation of power losses in order to optimize system efficiency in [10] . A study of the steady-state power loss in the output diode of a flyback switching DC-DC converter has been reported in [11] . An analytical method for approximating the turn-off loss of an ideal diode has been described in [12] . A new model for accurate estimation of iron powder core loss has been proposed in [13] , which will be referred to as the Oliver model. This model has been verified by experimental data. In [14] , basic formulas for determining the approximate inductor power losses have been derived. The estimation of inductor losses using readily available data from core and inductor suppliers along with the relevant power supply application parameters has been discussed in [15] . General techniques for calculating and predicting power loss in each component of a switched-mode power supply have been proposed in [16] . A very simple and quick method for calculating the total switching loss of a converter has been presented in [17] . It is clear that in space applications, no heat sinks can be used due to the lack of air convection. As a result, the only way to cool a system or a utilized device is through heat conduction and radiation. As mentioned earlier, most of research that has been done is for the optimization of commercial DC-DC converters. However, in this paper DC-DC converters that can be used in space applications will be dealt with.
Hence, the rest of this paper is organized as follows. In section II, all of the different causes of loss in a DC-DC converter will be discussed in detail, and mathematical expressions for each type of loss will be found, most of which will have the switching frequency present. This will help predict the efficiency of the converter at different switching frequencies for any load or line condition. In section III, the relationship between the weight and size of a converter and its switching frequency will be examined. This will lead to an estimation of the minimum size or weight needed for a given switching frequency. In section IV, the dependence of the output voltage ripple on the switching frequency will be explained. The introduced equations will help determine the range of frequencies that do not let the output ripple exceed the maximum ripple specifications. In section V, the test bed which was built in order to collect experimental data will be described. Detailed specifications of the implemented pushpull converter are provided, and the design considerations are described. Having gathered all of the theoretical relationships needed, the different parameters of a DC-DC converter will be modeled and simulated in MATLAB, in section VI. It will then be possible to examine the different characteristics of a converter (efficiency, weight and size, output ripple, etc.) for any given switching frequency. In section VII, the information gathered in the previous chapters will be used in order to calculate the optimum switching frequency for the converter. Different illustrations are provided which suggest the optimum frequency for different load and line conditions. Finally in section VIII, the conclusions drawn from the research are explained and different suggestions are provided for future research.
II. LOSSES IN A DC-DC CONVERTER
Generally in a DC-DC converter the losses can be categorized into two main groups: conduction losses and switching losses. Predicting the efficiency of the converter requires precise examination of all these causes of power loss. A power loss analysis for a push-pull DC-DC converter has been fully developed in [18] . Hence, in this section, the equations that model the losses for a push-pull DC-DC converter will be indicated briefly. The general voltage and current waveforms of the converter are illustrated in Fig. 1 [18] .
A. MOSFET Conduction Loss
The MOSFETs used in DC-DC converters are not ideal switches. In the on state, they exhibit some resistance between the drain and source terminals. However, it is very small due to the aid of modern semiconductor technologies. The current passing through this resistance while the MOSFET is on causes power loss. Considering the trapezoidal current waveforms passing through the switches in a push-pull converter, as shown in Fig. 1 , the conduction loss associated with each switch can be calculated as follows:
The on-time of the switches is set by a PWM generator to get the desired output voltage [8] :
The input current passing through the switches is a reflection of the secondary currents in the primary of the transformer plus the magnetizing current [8] . Equations (3) and (4) indicate the relationships between the mentioned currents in Fig. 1 .
The average of I 1 and I 2 makes the load current (I 1 + I 2 = 2I Load ), and their difference, I 2 − I 1 , (the current ripple) is inversely proportional to the output inductance:
Substituting in (2) the following is obtained:
During the dead-time interval, the current commutates from the MOSFET channel to the MOSFET body diode. The calculation of the diode power loss can be done by using the following parameters: the forward voltage drop of the body diode U D0 , the source of the drain body diode current I SD , the body diode on the time t D and the converter switching frequency f :
All of the parameters required to define the MOSFET body diode conduction loss can be obtained from the diagrams in a MOSFET datasheet. The value of R DSon is temperature dependent, and increases as the temperature rises. This creates a positive-feedback mechanism which will result in excessive power loss in the MOSFETs. Thus, using an appropriate cooling system for the MOSFETs will help to control the conduction losses in the MOSFETs. 
B. MOSFET Switching Loss
Extensive work has been done on the estimation of MOS-FET switching loss [9] , [19] , [20] and [21] . For a rough estimation of the power loss, a linear approximation of the MOSFET switching process is sufficient and presents the worst case scenario calculation [9] . The model provided in [9] is an adequately precise model which will be used here as the basis for calculations. Fig. 2 shows the MOSFET voltage and current waveforms during the on and off transitions [18] .
The worst case turn-on energy losses in a power MOSFET (E onM ) can be calculated as the sum of the switch-on energy without taking the reverse-recovery process into account and the switch-on energy caused by the reverse-recovery of the free-wheeling diode:
The turn-on energy in the diode consists mostly of the reverse-recovery energy(E onD ):
where U DD and U Drr are the input voltage and the voltage across the diode during reverse recovery respectively. For the worst case calculation U Drr can be approximated with the input voltage (U DD = U Drr ). The switch-off energy loss in the MOSFET can be calculated in a similar manner. The switch-off losses in the diode are often neglected(E o f f D = 0). Therefore:
The switching loss in the MOSFET and the diode are the product of the switching energy and the switching frequency( f ): 
Using this information we can calculate the MOSFET switching loss precisely.
C. Output Rectifier Conduction Loss
The forward voltage drop across the rectifier or the freewheel diodes in a DC-DC converter is a cause of power loss in the circuit. In a push-pull converter, the same set of diodes takes on the roles of both rectification and freewheeling. Assuming the voltage drop across the diode to be V F , we can calculate the power loss in each diode.
This is a rather large power loss which has a considerable influence on the converter efficiency, particularly under heavy loads. Using synchronous rectifiers instead of diode rectifiers is a way to battle this large power loss. However, in this paper, a diode is chosen as an output rectifier.
D. Output Rectifier Switching Loss
The reverse recovery current can be approximated by a triangle as shown in Fig. 3 . As observed in the figure, the reverse recovery time (t rr ) consists of two intervals t s and t f . The power loss associated with the diode's turn-off actually occurs during t f , because the voltage across the diode is reversed during this period.
The reverse recovery charge, Q rr , is equal to the total area under the triangle and is given by (15) . 
The softness factor, normally provided by the manufacturer, makes a relationship between Q rr , I RM and di/dt as follows:
(16) The turn-off power loss in the diode due to its reverse recovery current characteristic can be calculated by:
E. Copper loss
The primary and secondary windings of the transformer and the inductor coil exhibit some resistance which causes a dissipation of energy in the form of heat. Using the information from previous sections, the needed expressions [18] can be easily attained.
The values of I m , I p ,
T can be found using the information in section A by (2) , (3), (4), (6) , and (7). In regards to small variations of temperature in the transformer and inductor windings, the temperature effect on the copper loss is neglected in this study. Skin effect refers to the tendency of current flow in a conductor to be confined to a layer in the conductor close to its outer surface. At low frequencies the skin effect is negligible and the distribution of current across the conductor is uniform. As the frequency is increased, the depth to which the flow can penetrate is reduced. In this paper, the designed converter works in medium frequency of up to 200kHz, The effect of the frequency on the copper loss can also be neglected.
F. Capacitor's ESR and ESL losses
With an ideal capacitor, the insertion loss increases as the frequency becomes higher. However, with actual capacitors, the insertion loss increases until the frequency reaches a certain level (self-resonance frequency) and then the insertion loss decreases. The insertion loss of capacitors increase until the frequency reaches a self-resonance frequency and then decrease due to the residual inductance of the lead wires and the capacitor's electrode pattern existing in series with the capacitance. The residual inductance (ESL) varies depending on the type of capacitor. It can also vary in the same type of capacitor, depending on the dielectric material and the structure of the electrode pattern.
The second factor that causes deterioration in the characteristic of capacitors is the equivalent series resistance (ESR). The insertion loss will be lower due to the ESR caused by the electrode and the material. The ESR is very low in ceramic capacitors but higher in aluminum electrolytic capacitors. It is found that when the temperature of a capacitor rises, the ESR generally increases, though in a non-linear fashion. Increasing the frequency has a similar effect. In this paper the maximum switching frequency will be 200kHz. As a result, the effect of the ESL will be neglected. Therefore. only the capacitor loss due to the ESR is considered in this paper. In view of the high levels of current, the ESR plays a major role in the performance of the circuit as a whole. Capacitors with high levels of ESR will naturally need to dissipate this power as heat. For some circuits that have only low values of current, such as the implemented circuit in this paper, this may not be a problem. As a result, the temperature effect on the output capacitance can also be ignored. The ESR value of a capacitor is seldom given by the manufacturer. However, the following rule-of-thumb relationship to calculate the ESR of electrolytic capacitors [8] can be used.
The DC component of the inductor current flows into the load, while its variations are compensated by the capacitor current. The consequent power loss would then be:
G. Leakage current loss
In the MOSFET off periods, there is some current leak from the drain to the source. This leakage current, together with the voltage appearing across the switch when it is open, will cause power loss. Equation (23) calculates the power loss associated with the leakage current.
In modern power MOSFETs however, the leakage current is very small and the power loss associated to it can be neglected.
H. Core loss
The magnetic cores present in a DC-DC converter (transformer and inductor) bring about a certain amount of power loss. This power loss can be expressed in terms of the core's weight or volume, operating frequency and flux density [13] , [22] . 
for iron powder cores.
(25)
The constants in the above relationships are decided according to the particular core material and are given in [13] for various materials. The transformer and the output inductor operating flux density are driven in (26).
III. CONVERTER WEIGHT AND SIZE As stated previously, the exploitation of higher switching frequencies allows for the use of smaller and lighter components in the converter. The bulkiest components in a DC-DC converter are the isolating transformer, the output inductor and the output capacitor. In this section, the effect of the switching frequency on the size and weight of the transformer core are quantified. The output inductor and capacitor will also shrink as the switching frequency is increased (without letting the ripple exceed the maximum tolerable value.) However, since the overall weight and size of the converter is dominated by the transformer rather than the output inductor and capacitor, the transformer sizing becomes more important and a switching frequency which will minimize the transformer size is chosen. Then according to the chosen frequency, an appropriate inductor and capacitance to meet the maximum tolerable ripple specifications are selected. The size and weight of the selected inductor and capacitor can then be added to those of the transformer, resulting in an overall estimation of the converter size and weight.
Most often in transformer magnetic literature, the size and weight of a transformer are related to a parameter called the Area Product (Ap) which is the product of the core crosssectional area (Ac) and the window area (Wa) [22] . Fig. 4 shows the transformer in a push-pull DC-DC converter.
The volume occupied by a transformer and its weight are related to the area product by the two coefficients K v and K w as shown in the following relationships:
The values of K v and K w are decided according to the particular core geometry used. Various tables are provided in [22] ,[25] which indicate these coefficients for different core geometries and dimensions.
The minimum needed area product is selected according to the power handling expectations of the core. The mathematical relationship is stated in the following equations [22] :
In the above equation η T is the transformer efficiency (which can be estimated using the information provided in section 2 for the transformer losses), K f is the waveform coefficient (K f = 4 for square waves), K u is the window utilization factor (which shows what proportion of the window area is occupied by the windings), B ac is the maximum flux density in the core expressed in Gausses (selected according to the characteristics of the core material), J is the current density of the wires (which should be tolerable by the chosen wire size at full load) and f is the operating frequency in Hertz. The use of a thicker wire for the windings can decrease the current density of the wires for a particular load condition, but in return it occupies more space in the window and thus increases the value of K u . Hence the product of K u × J tends to be somewhat constant.
As can be seen in the equation, a smaller area product would result in a higher flux density in the core in order to generate the same amount of output power. Thus a failure to meet the above sizing requirement would result in core saturation and consequently the destruction of the converter. But since the area product is inversely proportional to the switching frequency, at higher frequencies a smaller core can deliver the same amount of power to the load without saturation.
IV. OUTPUT VOLTAGE RIPPLE
In the design procedure of any power supply, a maximum tolerable voltage ripple is often specified according to the particular application it is going to be used in. In space applications, generally space-qualified components are used. For example, electrolyte type capacitors cannot be used and another type of capacitor should be utilized in the designed circuits. The designer should make sure that the ripple does not exceed the specified value under any circumstances. There are two disparate components of the output ripple. One is due to the charging and discharging of output capacitance itself and the other is due to the current flowing into the capacitor's ESR. Both components will be calculated. These components are not in phase with each other, but for a conservative design, it is assumed that the total ripple is the sum of these two components. 
V. IMPLEMENTATION
In order to provide a test bed for the investigation of the proposed loss models and the output voltage ripple, a 12V/4A push-pull DC-DC converter was designed and implemented. Push-pull topology is the best choice for investigating efficiency issues, since it exhibits all of the different types of power loss that are usually encountered in DC-DC converters. Detailed specifications of the implemented converter are provided in Table I .
The primary turns of the transformer was chosen in such a way that the flux density fluctuations in the EI-3530 ferrite core would not exceed 1000G, ensuring that it will not saturate. Moreover, an appropriate selection of the inductor coil turns was made in order to prevent core saturation and current discontinuities in the inductor.
In the converter, the output voltage needs to be measured because the pulse width of the PWM signal is chosen according to the output voltage. Moreover, since this paper is particularly concerned with the efficiency of the converter, a more complete measurement system is required. Therefore, measuring circuits for the load current, the input current and the input voltage were designed and implemented on the board. An ATmega64 AVR microcontroller was utilized to sense these parameters and set the pulse width and the switching frequency of the converter based on them. The implemented system block diagram is shown in Fig. 5 . In this paper, the aim is to evaluate a space dedicated DC-DC converter. It is well known that in order to cool a system/device in space applications heat sinks can not be used. However, in the implemented test bed heat sinks were used in order to avoid complexity.
VI. MODELING AND SIMULATION
The aforementioned equations were implemented in the MATLAB environment in order to simulate the sources of power loss and to define the frequency dependency of the output voltage ripple and the transformer volume in a 50W push-pull DC-DC converter. As mentioned earlier, a detailed analysis and simulation was reported in [18] regarding all of the sources of power loss in a DC-DC converter. Here, a brief description regarding the necessary information, in order to simulate power loss of a DC-DC converter, is presented. Then, the frequency dependency of the output voltage ripple and the transformer volume are shown. IRF540N, N-channel power MOSFETs where chosen as the primary switches in the push-pull DC-DC converter. From the datasheet, it can be seen that in the worst case, R DSon = 0.04Ω at 25 • C [23] . Using appropriate heat-sinks for the two switches, the measured MOSFETs' temperatures were approximately 60 • C under the full load condition. Therefore, the resistance will be R DSon (60 • C) ≈ 1.3×R DSon (25 • C) ≈ 0.052Ω. Equation (8) relates the loss of an anti-parallel diode to the following characteristics [23] :
U D0 ≈ 1V , I SD = I P and t D = t d (OFF) = 40ns. Fig. 6 shows the MOSFET capacitances vs. the drain to source voltage which shows nonlinear variations with respect to the voltage [23] . In order to calculate the voltage fall and rise times during a switching period with reasonable accuracy, the non-linearity of the gate-drain capacitance has to be taken into account. Such a non-linearity, as shown in Fig. 6 , cannot be easily incorporated into the calculations. Hence, two-point approximation is used. This would be a worst-case analysis for switching loss calculation [9] . In a push-pull DC-DC converter, the voltage stress over the switches is 1.3 × (2V cc ) during turnoff [8] . The input voltage is supposed to be provided from a solar array as in a satellite. The specified range is the typical output voltages produced by the solar array in satellites. It is worth mentioning that the input voltage variations of the converter are chosen to be in the range [18V, 36V] and that the maximum load current is supposed to be 4A.
A curve fitting method was used in order to have an accurate estimation of the MOSFET switching loss. Equation (35) fits the gate-drain capacitance vs. the drain to the source voltage during the switching time, and it is used to define the capacitance utilized in the two-point approximation approach [9] .
(35) where p 1 =-9.736e-7, p 2 =0.0002133, p 3 =-0.01389, p 4 =0.002949, p 5 =31.91, p 6 =1930 and q 1 =1.447.
The gate-drain capacitance variations can be seen in Table  II during the switching time. These points are utilized in the two-point approximation approach.
As previously mentioned, Fig. 2 shows the MOSFET voltage and current waveforms during the on and off transitions. The gate current during t f u can be calculated as:
The voltage fall time can now be calculated as the median of the fall times defined through the gate current and the capacitances C GD1 and C GD2 .
The gate current and the voltage rise time can be expressed as:
Therefore, using Equations (9)- (13), the MOSFET switching loss can be determined. The MOSFET switching loss is shown in Fig. 7 . A BYV32E dual ultra-fast rectifier diode was chosen as an output rectifier [24] . Equations (14) and (17) describe the conduction and switching losses of the output rectifier. Considering the wire diameter, length and material, the primary and secondary windings of the transformer and the inductor coil resistances are as follows: R p = R s = 0.0321Ω and Rcoil = 0.0481Ω.
In order to measure the input current and to observe its behavior, a very low resistance (R Sense = 0.04Ω) was series connected to the MOSFETs' source terminals. According to the converter design (test bed), a 1000µFelectrolytic type output capacitor was chosen. Hence, by using Eq. (21) the output capacitance ESR will be: ESR = 0.065Ω.
According to the datasheet of the IRF540N, the leakage current has a negligible value of 1µA. Therefore, the MOS-FET leakage power loss can be neglected in this paper. As mentioned, the magnetic cores in the converter bring about a certain amount of power loss. An EI3530 with PC40 material was chosen as the ferrite core of the push-pull transformer [25] . Equation (24) determines the transformer core loss and Table III describes the required constants for equation [22] . The constants for the core loss equation are chosen based on the assigned switching frequency of the converter. 
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An iron powder core (T106-52) was used for the output inductor, for which the associated power loss is stated by Eq. (25). The coefficients for the core loss equation are as follows [13] , [22] : 
Finally, Fig. 8 and 9 show the efficiency and power loss of the converter for various input voltages and load conditions and at a switching frequency of 60kHz.
Figs. 10 and 11 also show the frequency dependency of the output voltage ripple and the transformer volume respectively.
VII. SELECTION OF AN OPTIMUM SWITCHING FREQUENCY FOR THE CONVERTER
As previously discussed, in order to find the optimum switching frequency of a converter, a trade-off should be considered among the three effective parameters: the efficiency or power loss, the output voltage ripple, and the volume of the transformer. For this purpose, a cost function is proposed as follows. The main goal of this paper is to find the optimum frequency which optimizes the following function:
where w 1 , w 2 and w 3 are the assigned weight coefficients for the power loss, the output voltage ripple and the transformer volume respectively. At first, the three mentioned parameters (power loss, output voltage ripple, and volume of the transformer) are calculated from 20kHz to 200kHz with a 2kHz step for any input voltage (18V<Vin<36V) and load current (0<ILoad<4A). Then each parameter is normalized to its maximum value. As in (44) the normalized parameters are used. Therefore, a proportional weight function can be used. Fig. 12 shows a flowchart of the implemented algorithm. There are also criterion for the evaluation of the three mentioned parameters which are selected according to the application. In most applications especially space or aerospace applications, these criterions will be defined at the level of system engineering. In this paper, it is assumed that the following values are defined by a system engineer as follows: w 1 = 0.4 ± 0.05,w 2 = 0.1 ± 0.05and w 3 = 0.5 ± 0.05 while w 1 + w 1 + w 1 = 1. Therefore, by optimization of the proposed cost function, an optimum frequency is determined based on the chosen weight functions. At first, the best weight functions should be defined in the specified ranges by a system engineer. Using the implemented algorithm (Fig. 12) , the best weight functions in the above ranges are obtained as w 1 = 0.35, w 2 = 0.15, and w 3 = 0.5. Table IV shows the acquired optimum switching frequency (extracted from the algorithm) of the converter according to the optimal weight functions. Depending on the chosen coefficients, the optimum frequency is in the range of 126kHz and 202kHz for the above input voltages and load currents. Therefore, the controller should adjust the switching frequency of the DC-DC converter proportionally to the input voltage and the load current.
The optimized converter efficiency is provided in Table V.  Table VI shows the minimum and maximum values of the output voltage ripple and the needed transformer volume in order to handle the required power in the range of the optimum frequency.
As previously mentioned, a EI3530 transformer was utilized in the test bed, whose volume is 8.35cm 3 , but the maximum required transformer volume is 2.5802cm 3 as shown in Table  VI . Therefore, the size of the utilized transformer can be decreased. From [25] , it can be seen that the EI28 transformer with PC40 material has a volume of 4.145cm 3 and thus it can be used. Fig. 13 shows the experimental setup for this study. A new transformer with the previously designed winding turns was wrapped and used in the implemented test bed. The experimental data show that the designed system can handle the 50W of output power in the acquired optimum frequency range without any problems. Finally, based on the proposed weight functions, the transformer volume can be decreased by up to 51%.
VIII. CONCLUSION
In this paper, power loss models for all of the relevant components in a push-pull DC-DC converter, the frequency dependency of the output voltage ripple and the transformer volume were fully developed. A novel model, obtained from curve fitting method, was used to express the MOSFET gatedrain capacitance in order to estimate the MOSFET switching loss with greater accuracy. The proposed models are verified with a 50W push-pull DC-DC converter that was designed and implemented as a test bed. Data from experiments confirmed the simulation results and the converter's power loss and output voltage ripple can be estimated with adequate precision. Since the emphasis of this paper is on DC-DC converters in space applications, a trade-off between the power loss, the output voltage ripple and the utilized transformer volume of the converter was considered. Hence, a novel cost function 
